Polymer Injector Optimisation Study by Gendreau, Stanislas & Gendreau, Stanislas
  
 
IMPERIAL COLLEGE LONDON 
 
 
Department of Earth Science and Engineering 
 
Centre for Petroleum Studies 
 
 
 
 
 
Polymer Injector Optimisation Study 
 
 
By 
Stanislas Gendreau 
 
 
 
 
 
 
 
A report submitted in partial fulfilment of the requirements for 
the MSc and/or the DIC. 
 
 
 
September 2010 
2     Polymer Injector Optimisation Study 
 
DECLARATION OF OWN WORK 
 
 
 
 
 
 
 
 
 
 
I declare that this thesis: 
 
Polymer Injector Optimisation Study 
 
is entirely my own work and that where any material could be construed as the work of others, it is fully 
cited and referenced, and/or with appropriate acknowledgement given. 
 
 
 
Signature:…………………... 
Name of student: S. Gendreau 
Name of supervisors: P.King (Imperial College London), A.Poulsen (Chevron) and N.Ruby (Chevron) 
 
 
 
 
 
 
 
 
 
Polymer Injector Optimisation Study   3 
 
ACKNOWLEDGEMENTS 
 
This project has received the contribution of many individuals to whom the author would like to express his deepest gratitude. 
In particular the author would like to thank Anette Poulsen and Nicolas Ruby for their technical guidance and supervision. The 
author would also like to thank all the members of the Captain team for their greatly appreciated assistance, and is particularly 
grateful to Hak-Tae Kim, Haakon Dahle-Smith who provided great help and valuable advices. 
Special thoughts go to Jennifer McBeath, Ismini Katsimpardi, David Omiyi, Ruairi McDonald, Emily Skitmore, for their 
ongoing support and friendship. 
 
 
 
 
4     Polymer Injector Optimisation Study 
 
TABLE OF CONTENTS 
 
DECLARATION OF OWN WORK .............................................................................................................................................. 2 
ACKNOWLEDGEMENTS ........................................................................................................................................................... 3 
TABLE OF CONTENTS ............................................................................................................................................................... 4 
List of figures ................................................................................................................................................................................. 5 
List of tables ................................................................................................................................................................................... 6 
Polymer Injector Optimisation Study ............................................................................................................................................. 7 
Abstract .......................................................................................................................................................................................... 7 
Introduction .................................................................................................................................................................................... 7 
Background Theory ........................................................................................................................................................................ 8 
Mobility Ratio ........................................................................................................................................................................ 8 
Prediction of polymer flood performance .............................................................................................................................. 8 
Gravity effect reduction.......................................................................................................................................................... 9 
Conceptual model - Injector placement optimisation ................................................................................................................... 10 
Methodology - critical situations identification .................................................................................................................... 10 
Polymer injector vertical placement ..................................................................................................................................... 10 
Aquifer impact...................................................................................................................................................................... 11 
Vertical polymer injector placement effect under strong aquifer ......................................................................................... 13 
Application to Captain Field EOR ............................................................................................................................................... 14 
One new injector drilled ....................................................................................................................................................... 14 
Voidage replacement effect .................................................................................................................................................. 15 
One new injector drilled and existing water injector ............................................................................................................ 16 
Convert producer 2 into polymer injector ............................................................................................................................ 17 
Polymer injection scenarios and economic analysis ............................................................................................................. 18 
Conclusions and recommendations .............................................................................................................................................. 20 
References .................................................................................................................................................................................... 21 
Nomenclature ............................................................................................................................................................................... 22 
Symbols and units ........................................................................................................................................................................ 22 
SI Metric Conversion Factors ....................................................................................................................................................... 22 
APPENDICES .............................................................................................................................................................................. 23 
APPENDIX A – Literature review appendices ............................................................................................................................ 23 
APPENDIX B – Vertical influx at polymer front ........................................................................................................................ 33 
APPENDIX C – Fractional flow curves theory ............................................................................................................................ 34 
APPENDIX D – Conceptual Model ............................................................................................................................................. 37 
D-1 Reservoir characteristics ....................................................................................................................................................... 37 
D-2 Simulation results .................................................................................................................................................................. 38 
D-3 Aquifer impact ...................................................................................................................................................................... 39 
Polymer Injector Optimisation Study   5 
 
APPENDIX E – Sector model ...................................................................................................................................................... 42 
E-1 Reservoir characteristics ........................................................................................................................................................ 42 
E-2 One injector ........................................................................................................................................................................... 43 
E-3 Two injectors polymer injector optimisation placement-Polymer 50% ................................................................................ 45 
E-4 Economic Analysis ................................................................................................................................................................ 46 
APPENDIX G – Polymer Option - Eclipse Schlumberger Software ........................................................................................... 47 
APPENDIX H – Captain field development overview ................................................................................................................ 51 
H-1 Geological settings and structure. ......................................................................................................................................... 51 
H-2 Captain field properties: ........................................................................................................................................................ 52 
H-3 Reservoir fluids properties: ................................................................................................................................................... 53 
H-4 Captain Field Development Plan: ......................................................................................................................................... 53 
List of other references ................................................................................................................................................................. 56 
 
 
 
 
List of figures 
Figure 1: Fractional flow curves with and without polymer .......................................................................................................... 9 
Figure 2: Water saturation vs dimensionless velocity .................................................................................................................... 9 
Figure 3: Pore volumes produced vs pore volume injected ............................................................................................................ 9 
Figure 4: Gravity effect on displacement profile - polymer flood .................................................................................................. 9 
Figure 5: Gravity effect on oil recovery -  polymer flood .............................................................................................................. 9 
Figure 6: Overview of the critical horizontal injector configurations .......................................................................................... 10 
Figure 7: Overview of the critical horizontal injector configurations .......................................................................................... 11 
Figure 8: Oil saturation after 20 years polymer flood - bottom injection ..................................................................................... 11 
Figure 9: Oil saturation after 20 years polymer flood - top injection ........................................................................................... 11 
Figure 10: Aquifer impact - oil recovery ...................................................................................................................................... 12 
Figure 11: Base case Oil saturation after 20 years polymer flood - bottom injection .................................................................. 12 
Figure 12: Aquifer x6 Oil saturation after 20 years polymer flood - bottom injection ................................................................. 12 
Figure 13: Polymer concentration after 2 years injection - base case .......................................................................................... 12 
Figure 14: Polymer concentration after 20 years injection - base case......................................................................................... 12 
Figure 15: Polymer concentration after 2 years - aquifer x6 ........................................................................................................ 12 
Figure 16: Polymer concentration after 20 years - aquifer x6 ...................................................................................................... 12 
Figure 17: Pressure after 2 years polymer injection ..................................................................................................................... 12 
Figure 18: Pressure after 20 years polymer injection ................................................................................................................... 12 
Figure 19: Pressure after 20 years polymer injection - aquifer x6 ................................................................................................ 13 
Figure 20: Pressure after 20 years polymer injection - aquifer x6 ................................................................................................ 13 
Figure 21: Average pressure - aquifer impact .............................................................................................................................. 13 
Figure 22: Field watercut - aquifer impact ................................................................................................................................... 13 
Figure 23: Injector vertical placement - aquifer x6 ...................................................................................................................... 13 
Figure 24: Vertical injector placement configuration ................................................................................................................... 14 
Figure 25: Oil recovery - vertical injector placement ................................................................................................................... 14 
Figure 26: Oil saturation after 20 years polymer flood - bottom injector ..................................................................................... 14 
Figure 27: Oil saturation after 20 years polymer flood - top injector ........................................................................................... 14 
Figure 28: Polymer concentration after 20 years waterflood - bottom injector ............................................................................ 15 
Figure 29: Oil recovery - voidage sensitivity ............................................................................................................................... 15 
Figure 30: Voidage sensitivity - field pressure ............................................................................................................................. 15 
6     Polymer Injector Optimisation Study 
 
Figure 31: Voidage sensitivity - aquifer influx ............................................................................................................................ 15 
Figure 32: Injectors configuration - injection distribution ........................................................................................................... 16 
Figure 33: Oil recovery - injection rates distribution ................................................................................................................... 16 
Figure 34: Polymer concentration after 10 years - 100% polymer injector .................................................................................. 16 
Figure 35: Polymer concentration after 10 years - 75% polymer injector .................................................................................... 16 
Figure 36: Polymer concentration after 10 years - 25% polymer injector .................................................................................... 16 
Figure 37: Two injectors- optimisation process ........................................................................................................................... 17 
Figure 38: Polymer concentration - 125 ft left injector ................................................................................................................ 17 
Figure 39: Polymer concentration- 125 ft right injector ............................................................................................................... 17 
Figure 40: Polymer concentration - polymer injector below water injector ................................................................................. 17 
Figure 41: Injection configuration - convert producer 2 .............................................................................................................. 18 
Figure 42: Oil recovery - convert producer 2 ............................................................................................................................... 18 
Figure 43: Oil saturation after 20 years - converted producer 2 ................................................................................................... 18 
Figure 44: Polymer injection scenarios ........................................................................................................................................ 19 
Figure 45: NPV versus investment chart ...................................................................................................................................... 20 
 
 
 
List of tables 
Table 1: Basic reservoir data .......................................................................................................................................................... 9 
Table 2: Oil recovery after 20 years ............................................................................................................................................. 11 
Table 3: Total oil recovery after 20 years - aquifer impact .......................................................................................................... 12 
Table 4: Oil recovery summary – aquifer x6 ................................................................................................................................ 13 
Table 5: Oil recovery - vertical placement ................................................................................................................................... 14 
Table 6: Voidage sensitivity summary ......................................................................................................................................... 15 
Table 7: Oil recovery summary - injection rates distribution ....................................................................................................... 16 
Table 8: Polymer injector optimisation placement ....................................................................................................................... 17 
Table 9: Total oil recovery - converted producer 2 ...................................................................................................................... 18 
Table 10: Injection scenarios - Advantages/drawback summary ................................................................................................. 19 
Table 11: Economic analysis results ............................................................................................................................................ 19 
 
 
  
Polymer Injector Optimisation Study   7 
 
 
 
 
 
Polymer Injector Optimisation Study 
S.Gendreau, Imperial College London 
 
P.King, Imperial College London 
A.Poulsen, Chevron 
N.Ruby, Chevron 
 
Abstract 
Historically, most UKCS production has been of light oil, 30º API and above. However, since 1993, a number of heavy oil 
fields have been brought on production. The properties of heavy oils, such as viscosity, are unfavourable for conventional oil 
recovery methods and new techniques were developed as the conventional ones proved to be ineffective and sometimes even 
damaging. Producing from these reservoirs featuring high mobility ratios often results in early water breakthrough, coning 
problems,  and production at high water cut, leaving a large portion of the oil initially in place un-recovered in the areas by-
passed by the channelling water. 
 
Chevron is currently evaluating the full field implementation of polymer injection in the Captain Field (UKCS). This paper 
describes an injector optimisation study that was conducted with the main objectives of investigating the optimum well 
placement as well as assessing the impact of an aquifer on the chemical enhanced oil recovery process and efficiency. A 
commercial simulator was used to conduct this study. 
 
The first step was to understand better the influence of the injector location and aquifer impact on the recovery process. This 
was carried out using a simple box model. The next step was to evaluate the performance of various injection scenarios using a 
sector model representative of the Captain field area. Finally, economics were generated and analysed for each scenario. 
 
The results indicate that, favouring a vertical sweep by injecting at the bottom of the oil column provides the highest recovery 
efficiency. The presence of an aquifer leads to a slower recovery process by absorbing the pressure variations and increasing 
the potential for polymer losses. Using the Captain field sector model, an incremental oil recovery of 11 % of the Original Oil 
In Place (OOIP) was achieved after optimising the injection scenarios over a period of 20 years. The viability of polymer 
injection project was confirmed by the final economic analysis. 
Introduction 
The use of polymer to increase the viscosity of fluid injected into a reservoir and thus create a more favourable mobility ratio is 
a very mature technique, having being first proposed in the 1960s (Pye, 1964; Sandiford, 1964). It was established that the 
mobility of the brine used in waterflooding was greatly reduced by the addition of very small amounts of hydrolysed 
polyacrylamide (HPAM). Many additional papers sustaining and extending this information have since been published. Even 
though the mechanisms were properly understood and despite the wealth of literature available (Pope, 1980 ; Lake, 1989) a 
number of properties that are inherent to polymer solutions still remain widely ignored. The Non-Newtonian effect on 
injectivity has recently been debated (Seright et al., 2008) while the impact of shear thinning on sweep impairment and 
injectivity have also been the subject of some recent publication (Martel et al., 1998; AlSofi et al., 2009). There is also a lack 
of information on the relative permeability reduction and residual oil saturation induced when injecting polymers. Despite a 
certain number of polymer injection pilot tests recently implemented, conclusions on those application cases have not been 
mature enough to be published or still remain confidential. 
The Captain field operated by Chevron and located in block 13/22a of the UK continental shelf (UKCS) is a large, normally 
pressured highly viscous crude accumulation located within shallow unconsolidated Lower Cretaceous turbiditic sandstones.  
Basic reservoir data are listed in Table 1. The oil is heavily biodegraded and viscosity varies by regions between 48 and 200cP 
at reservoir conditions. The high oil-water mobility ratio, exceptional reservoir quality, low clay content, low temperature, and 
an average reservoir permeability of 6,000 mD make Captain an ideal candidate for improved oil recovery by polymer 
augmented waterflooding. It has been observed on Captain, that the injected water slumps and channels along the base of the 
reservoir before conning onto the producers. Polymer flooding would improve both areal and vertical sweep efficiencies by 
viscosifying the water, reducing water permeability and increasing the ratio of viscous to gravity forces. 
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The low formation water salinity and hardness makes hydrolyzed polyacrylamide (HPAM) injection feasible. This has 
logistical advantages since HPAM can be delivered to the platform in the form of high concentration liquid emulsions or 
dispersions products. From a subsurface stand point, HPAM has the advantage compared to biopolymers of producing a 
Residual Resistance Factor (RRF) associated with adsorbed polymers. This can provide a long term reduction in permeability 
in flooded zones after the mobile polymer has been swept through the polymer further increasing recovery.  
However, there are challenges involved in polymer flooding at Captain such as costs, logistics, application with 
horizontal wells, possible increased corrosion, possible microbial instability, and possible oil-water separation problems: these 
challenges are being addressed, but are not discussed here. 
The principal objective in this study is to examine ways of efficiently injecting polymers to optimise the sweep 
efficiency and thus the incremental oil. This will provide a better understanding of polymer floods in various situations. The 
impact of an aquifer on polymer flooding is also to be investigated. It is proposed to apply the  results of the polymer injection 
process  to a specific sector of the Captain field by taking into account the complete environment of existing wells. This will 
allow different injection scenarios to be evaluated and the polymer injection strategy to be optimised from an economic 
viewpoint. 
Background Theory 
Mobility Ratio 
The mobility ratio when two immiscible fluids displace each other is defined as the ratio of the mobility of the displacing fluid 
to that of the displaced fluid. 
 
 displaced
displacing
k
k
M


/
/
    (Eq 1) 
The mobility ratio is a crucial factor in secondary recovery predictions, governing the recovery efficiency of the oil by 
the displacing fluid. Basically, a mobility ratio greater than one will result in an inefficient displacement and a poor recovery, 
whereas a mobility ratio of one or less will result in a more efficient piston like displacement process leading to higher oil 
recovery (Nouri et al., 1971). The reduction of water mobility by polymer is due to two contributions: increase in solution 
viscosity and permeability reduction (Mungan, 1966; Pancharoen, 2010). In addition, contrary to what is generally believed, 
tertiary polymer flood (i.e. after waterflood) cannot mobilize the waterflood residual oil saturation. Only a secondary polymer 
flood (without waterflood) can displace oil below the waterflood residual oil saturation (Chun, 2008). As a result, the polymer 
flooding usually performed after waterflooding on conventional field does not produce extra oil recovery, but rather accelerates 
the oil recovery rate (Kessel). 
Prediction of polymer flood performance 
The application of fractional flow curve theory gives a theoretical prediction of polymer flood performances. Classical 
fractional flow theory is generalized, starting with the Buckley-Leverett theory for waterflooding and has been applied by 
various authors to EOR processes and especially for polymer flooding (Patton, 1971; Pope, 1980). Many of the assumptions 
are the same and are necessary to obtain simple analytical or graphical solutions to the continuity equations. Typically, the 
major assumptions, which are not stated explicitly are: flow is one dimensional in a homogeneous, isotropic, isothermal porous 
medium, local equilibrium exists, dispersion is negligible, gravity and capillary pressure are negligible, no viscous fingering 
occurs, Darcy’s law applies, the initial distribution of fluids is uniform, and a continuous injection of constant composition is 
maintained. For polymer flooding, adsorption and shear thinning are assumed to be negligible. The analytical solution to the 
linear polymer flood problem provides a quick estimate of incremental oil obtainable by polymer flooding and a check on the 
accuracy of the numerical model. 
An application of the fractional flow curve theory to waterflooding and polymer flooding based on Captain field 
relative permeabilities and fluid properties is presented below. A viscosity of 25cP for the injected polymer solution was 
assumed. The use of polymer to viscosify the water reduces the mobility ratio and thus moves the fractional flow curve to the 
right (Figure 1) leading to a more favourable oil flow in detriment to the water flow. The benefits on the displacement profile 
are clearly visible on the saturation profile versus dimensionless velocity (Figure 2): The polymer has a more piston-like 
displacement and the velocity of the polymer front is lower than the water. In terms of total recovery, the polymer option 
provides a higher recovery for the same pore volume injected as shown in Figure 3. 
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Figure 1: Fractional flow curves with and without polymer 
By taking into account the gravity term in the fractional flow theory, the impact of the gravity on the recovery by 
polymer flooding can be estimated. Two extreme cases have been considered in this study: a horizontal and vertical 
displacement. As Shown in Figure 4, in the case a vertical updip displacement, the displacement profile is more piston-like. As 
a result, the recovery is higher in the case of a vertical displacement than in a horizontal displacement (Figure 5). This gives a 
first indication on the preferable location of the injector:  An injector located below the producer would favour a vertical sweep 
and thus increase the oil recovery efficiency by providing a more gravity stable displacement (Turta et al., 2002; Zhao et al., 
2004) and thus taking the advantage of the gravity. 
 
Figure 4: Gravity effect on displacement profile - polymer flood 
 
Figure 5: Gravity effect on oil recovery -  polymer flood 
Gravity effect reduction 
Injecting polymer reduces the gravity effect of the flow significantly. An estimate of the vertical flux of a polymer front can be 
made by using the gravity portion of the Darcy’s law as described in Eq 2 (Seright, 2010). Using data from  Captain field, the 
vertical migration downwards of the polymer front due to gravity is about 200 inches per year. In the case of waterflooding, the 
vertical migration is 6000 inches per year, which is at least one order of magnitude higher. Polymer injection induces less 
slumping effect than the water does which is beneficial for the sweep efficiency. 


 g
k
q   (Eq 2) 
Oil gravity 19° API 
Oil viscosity 88 cP 
GOR 130 scf/bbl 
Depth -2900 ft TVDSS 
Temperature 87° F 
Avg Permeability 2,500 – 11,000 mD 
Porosity 30 – 33 % 
Brine Salinity 13,000 – 18,000 ppm 
Table 1: Basic reservoir data 
 
Figure 2: Water saturation vs dimensionless velocity  
 
 
Figure 3: Pore volumes produced vs pore volume injected 
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Conceptual model - Injector placement optimisation 
Methodology - critical situations identification 
One of the objectives of this study is to understand the flow processes when injecting polymers in the reservoir. The 
comprehension of the different effects playing a role in polymer flood is then to be used in selecting the most suitable injection 
strategy. 
A conceptual model has been used to focus on the main polymer flow mechanisms. This model is a simple box model 
4400 ft long and 1600 ft wide. The thickness of the oil column is 90 ft, and there is a water leg at the bottom of the reservoir. 
The reservoir and fluid properties are representative of the Captain field. There are three horizontal producers on top of the 
reservoir and one horizontal injector. A waterflooding phase of 13 years is applied to all simulations before starting the 
polymer injection phase. Hence, polymer flood occurs in a partially swept reservoir with coning situations that makes the 
polymer flooding predictions more realistic. The polymer injection phase is then estimated to last around 20 years.  
 When injecting polymer, viscous effects are increased and less gravity segregation is expected than in a conventional 
water flood. However, once the polymer reached the water zone, the favourable relative permeability will be detrimental to the 
polymer. Dilution effect can easily occur and significantly reduce the polymer induced mobility reduction effect. Some critical 
injection configurations have been designed to evaluate those phenomena (Figure 6).  
Assuming that the polymer is injected close to the seal, losses are minimized but at the same time the benefits of an 
upward piston displacement is limited. If the polymer is injected close to the OWC, the entire oil column is open to the 
polymer flow, favouring the vertical sweep. However some significant polymer losses into the water are expected in such a 
case and that would have a negative impact on the sweep efficiency. Hence, there might be a compromise to be found between 
injecting at the top or at the bottom of the reservoir as described in a recent paper (Brooks et al, 2010). 
In this study, the polymer option has been implemented in a commercial simulation software. It is able to represents key 
physics of polymers: (further details are provided in Appendix G) 
 Viscosity as a function of  polymer concentration 
 Viscosity as a function of shear rates 
 Adsorption of the polymer on the porous rock 
 Permeability reduction related to adsorption 
 Inaccessible pore volumes to the polymer when adsorption is satisfied 
Polymer injector vertical placement 
The results of the simulations (Figure 7) indicate that the lower the injector is located, the higher the total recovery is. When 
injecting from the top of the oil column, the polymer tends to push some oil down in the water zone leading to some oil losses 
that is not going to be produced. On the contrary, when the injection takes place at the bottom of the reservoir, a really efficient 
sweep of the entire oil column is obtained. The highest recovery is even obtained when the injector is located below the OWC, 
which allows the opening of the entire oil column to the polymer. In such a case a gravity stable displacement can occur. A 
more extended water zone is likely to change these results, since in the studied configuration, the polymer losses in the aquifer 
do not seem to be sufficient enough to affect the recovery when injecting below the OWC. 
Injecting from the top provides a better lateral sweep, but leads to some oil losses in the water zone that is not 
recoverable (Figure 9). This is due to the high kv/kh value present on Captain field (0.7) that allow the oil displacement in the 
vertical direction. When injecting from the bottom, the oil going into the water zone is minimized (Figure 8), and the vertical 
sweep is improved. By comparing the waterflood base case to polymer injection, an incremental oil recovery up to 20% is 
achieved when adding polymers to the water (Table 2). 
 
 
   
Figure 6: Overview of the critical horizontal injector configurations 
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 Waterflood 
Top 
injector 
Middle 
injector 
Bottom 
injector 
Below OWC 
injector 
Fractional 
oil recovery 
0.32 0.45 0.48 0.51 0.52 
Incremental 
recovery 
(% of OOIP) 
 13 % 16 % 19 % 20 % 
 
Table 2: Oil recovery after 20 years 
 
 
Figure 7: Overview of the critical horizontal injector configurations 
 
Figure 8: Oil saturation after 20 years polymer flood - bottom 
injection 
 
 
Figure 9: Oil saturation after 20 years polymer flood - top 
injection 
 
 
 
Aquifer impact 
Describing the aquifer using a numerical aquifer in the simulator does not take into account the potential polymer dilution and 
losses in the water. To allow for the visualisation of the polymer flow down the reservoir and the associated dilution effects 
and losses, the aquifer is modelled by increasing the number of grid cells below the original water zone in place. The size of 
the water leg originally in place has been multiplied respectively by 1.5, 3 and 6 in the tested cases. 
It appeared that increasing the aquifer size causes a slower and lower recovery process as shown in Figure 10 and Table 3. 
After 20 years polymer flooding, the area on the right of the model is still unswept since it has not been reached by the polymer 
front as described in Figures 11 and 12. There are several aspects observed concerning the impact of the aquifer on the 
polymer injection:  
1. The rise in pressure in the reservoir due to high polymer injector pressure at bottomhole is lower as the size of the 
aquifer increases. In fact, the important water zone provided by the aquifer absorbs the increase in pressure and acts as 
a “buffer” to the pressure variations (Figures 17, 18, 19, 20). Hence, the polymer injected flows more slowed since the 
pressure gradient between the injector and the producers is reduced. Figures 13, 14, 15, 16 clearly show the slower 
associated polymer flow in the water zone when there is an aquifer. 
2. Polymer flows preferentially in the water zone since the relative permeability is maximum in the water (Krw = 1 in 
the aquifer). The high kv/kh value eases flow in the vertical direction and thus the dilution of the polymer in the 
aquifer (Figure 16).  
3. The water production increases as the aquifer size is increased. There is also a delay on the polymer contribution to 
reduce the water cut when the aquifer size is increased (Figure 22). 
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Figure 10: Aquifer impact - oil recovery 
 
 
 
Figure 11: Base case Oil saturation after 20 years polymer 
flood - bottom injection 
 
 
Figure 12: Aquifer x6 Oil saturation after 20 years polymer 
flood - bottom injection 
 
Table 3: Total oil recovery after 20 years - aquifer impact 
 
 Base case 
Aquifer 
x1.5 
Aquifer 
x3 
Aquifer 
x6 
Fractional 
oil recovery 
0.51 0.50 0.45 0.40 
 
 
Figure 13: Polymer concentration after 2 years injection - base 
case 
 
 
Figure 14: Polymer concentration after 20 years injection - base 
case 
 
 
Figure 15: Polymer concentration after 2 years - aquifer x6 
 
Figure 16: Polymer concentration after 20 years - aquifer x6 
 
 
 
 
Figure 17: Pressure after 2 years polymer injection 
 
Figure 18: Pressure after 20 years polymer injection 
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Figure 19: Pressure after 20 years polymer injection - aquifer x6 
 
Figure 20: Pressure after 20 years polymer injection - aquifer x6 
 
 
 
 
Figure 21: Average pressure - aquifer impact 
 
Figure 22: Field watercut - aquifer impact 
 
Vertical polymer injector placement effect under strong aquifer 
The effect of the injector placement in the vertical direction on the aquifer x6 model is studied in this section. As the aquifer 
has a potential to favour the polymer dilution as soon as the injected fluid reaches the bottom water, the results obtained 
previously are likely to change. However, by looking at the simulation results in Figure 23, the same behaviour is observed as 
in the original case: an injector placed at the bottom provides the best recovery efficiency. Hence the polymer losses in this 
case do not affect significantly the total recovery. 
 
 
 
Figure 23: Injector vertical placement - aquifer x6 
 
 
Top 
injector 
Middle 
injector 
Bottom 
injector 
Bottom 
aquifer 
injector 
Fractional oil 
recovery 
0.51 0.50 0.45 0.40 
Incremental 
recovery 
(% of OOIP) 
9 % 10 % 12 % 15 % 
Table 4: Oil recovery summary – aquifer x6 
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Application to Captain Field EOR 
An area of the Captain field featuring a connection to a large aquifer was selected for further study. Mainly 2D sections will be 
analysed for the purpose of this section. The horizontal wells are assumed to be parallel and the priority is given to the 
visualisation of the effect occurring in plane perpendicular to the wells. There are four horizontal producers and one horizontal 
injector used during the 13 years water flood phase. The aim of this part is to optimise the polymer injection with respect to 
recovery efficiency as well as economic considerations. The previous study on the conceptual model is of interest to define 
different relevant injection scenarios. The model is slightly tilted (2.5º) and is connected to an aquifer located to the bottom left 
corner. Injection rates are set up by respecting a 0.8 liquid voidage replacement ratio (VRR), to imitate the strong influx from 
the aquifer. 
One new injector drilled 
In this scenario, we consider only one injector. The effect of the placement of the injector in the vertical direction on the sweep 
efficiency is studied (Figure 24) and shows the same behaviour as is observed in the conceptual model (Figure 25). The 
polymer does not strongly dilute in the aquifer and stays close to the producers region (Figure 28). As observed previously, 
when the injector is located at the top, there is some unrecoverable oil lost into the aquifer (Figure 27). The best recovery is 
obtained with an injector placed at the bottom of the oil column, at the location of the previous water injection well (Figure 
26). This is an interesting option to consider since there is no need for drilling a new polymer injector. The maximum 
incremental oil recovery achieved this case is 11% of OOIP. 
 
                                                                                                            Table 5: Oil recovery - vertical placement 
 
 
Figure 24: Vertical injector placement configuration 
 
 
Figure 25: Oil recovery - vertical injector placement 
 
Figure 26: Oil saturation after 20 years polymer flood - bottom 
injector 
 
 
Figure 27: Oil saturation after 20 years polymer flood - top 
injector 
 
 
 
Water 
flood 
Top 
injector 
Middle 
injector 
Bottom 
injector 
Below 
OWC 
injector 
Fractional 
oil recovery 
0.36 0.43 0.45 0.47 0.47 
Incremental 
recovery 
(% of OOIP) 
 7 % 9 % 11 % 11 % 
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Figure 28: Polymer concentration after 20 years waterflood - 
bottom injector 
 
 
Voidage replacement effect 
The voidage corresponds to the fraction of the produced liquid volume that is injected from the polymer injector. The voidage 
is being changed by varying the injection rate and keeping the targeted produced liquid rate constant. By decreasing the 
voidage replacement, the aquifer influx should increase and provide appropriate pressure support. Different voidage conditions 
from 0.6 to 1 are tested. Thus, the aquifer was forced to provide different water influx since all the produced liquid volume is 
not re-injected when the voidage is less than one. The results show that the oil recovery decreases as the voidage decreases (see 
Figure 29). This is expected since the amount of polymer injected decreases as the VRR applied. However, a voidage of 0.9 
and 1 lead to the same incremental oil recovery of 13% after 20 years as described in Table 6. Hence, it is possible to optimise 
the recovery by injected fewer polymer and let the aquifer replenish the reservoir. The pressure support from the aquifer is 
highly active during the waterflood phase (Figure 31), since the partial voidage causes a decrease in pressure. When the 
polymer injection starts a sudden pressure drop is observed in the reservoir (Figure 30). This unexpected phenomenon is due to 
a blocking effect induced by the high polymer concentration between the injector and the bottom reservoir boundary that 
prevents the aquifer water from channelling along the base of reservoir and replenishing it. Then the local rise in pressure 
provided by the polymer injector allows the field pressure to stabilize (Figure 30) and the support from the aquifer ceases. The 
simulator might not represent correctly polymer dilution in this situation and thus overestimates the plugging effect insulating 
the aquifer from the reservoir. 
 
 
                                                                                                            Figure 29: Oil recovery - voidage sensitivity                                                                                           
 
 
Figure 30: Voidage sensitivity - field pressure 
 
Figure 31: Voidage sensitivity - aquifer influx 
 
 
Voidage 
0.6 
Voidage 
0.8 
Voidage 
0.9 
Voidage 
1 
Fractional  
oil  
recovery 
0.45 0.47 0.49 0.49 
Incremental 
recovery 
(% of OOIP) 
9 % 11 % 13 % 13 % 
Table 6: Voidage sensitivity summary 
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One new injector drilled and existing water injector 
The first injector used during the waterflood phase is proposed to be re-used in the following configuration. The Advantages of 
using two injectors (water and polymer) have been identified: The water injector might help to sustain the pressure and prevent 
the polymer from flowing down the aquifer. However, since the water is more mobile than the polymer solution, this effect 
might not be efficient, and might contribute to some polymer dilution in the injected water. 
Injection rates distribution sensitivity: 
The effect of volumetric injection rate distribution between the two producers has been studied as explained in Figure 32. The 
following injection rate distributions have been tested: 
 Polymer injector 100%, water injector 0% 
 Polymer injector 75%, water injector 25% 
 Polymer injector 50%, water injector 50% 
 Polymer injector 25%, water injector 75% 
 
The oil recovery should be reduced as the polymer injection rate decreases: the mobility reduction effect induced by polymers 
depends directly on the polymer concentration (Nouri et al., 1971). This behaviour can be observed in Figures 35 and 36 in 
comparison with Figure 34 where the water injector is not activated. However, the two distributions: polymer 100% and 
polymer 75% are showing the same incremental oil recovery of 10% (Table 7 and Figure 33). This emphasises the benefits of 
continuing using the water injector. Indeed, less polymer can be injected for the same recovery performances. 
 
 
Figure 32: Injectors configuration - injection distribution 
 
Figure 33: Oil recovery - injection rates distribution 
 
Figure 34: Polymer concentration after 10 years - 100% polymer 
injector 
 
Figure 35: Polymer concentration after 10 years - 75% polymer 
injector 
 
 
Figure 36: Polymer concentration after 10 years - 25% polymer 
injector 
 
 
 
Polymer 
100% 
Water 
0% 
Polymer 
75% 
Water 
25% 
Polymer 
50% 
Water 
50% 
Polymer 
25% 
Water 
75% 
Fractional  
oil recovery 
0.46 0.46 0.44 0.41 
Incremental 
recovery 
(% of OOIP) 
10 % 10 % 8 % 5 % 
Table 7: Oil recovery summary - injection rates distribution   
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Polymer injector placement optimisation: 
The effect of the injector placement in the horizontal direction has been investigated. When the polymer injector is on the right 
of the water injector, the water injector limits the polymer flow to the left side of the reservoir into the aquifer as shown in 
Figure 39. A polymer injector located to the left of the water injector will help the polymer flow to the left side but will cause 
more pronounced dilution effects of the polymer on the right side (Figure 38). If the polymer injector is below the water 
injector, the dilution effect from the water injector is significant (Figure 40). 
Three injection distributions have been considered: 75% polymer 50% polymer, and 25% polymer injection. In each 
case, the placement of the polymer injector has been optimised to obtain the highest incremental oil recovery. The results are 
described in Table 8 below. Optimised polymer injection well placement is sensitive to the flow rate distribution and the well 
placement in the horizontal direction affects the most the recovery efficiency. 
 
 
Figure 37: Two injectors- optimisation process 
 
 
Figure 38: Polymer concentration - 125 ft left injector 
 
Figure 39: Polymer concentration- 125 ft right injector 
 
 
Figure 40: Polymer concentration - polymer injector below water 
injector 
 
 
 
 
Convert producer 2 into polymer injector 
The idea of converting one producer into a polymer injector is supported by the costs savings generated by converting a well 
instead of drilling a new one. Continuing using the water injector may be useful to help the polymer flowing to the wells 
instead of slumping into the aquifer. Figure 41 described the well configurations. Different distribution rate between the two 
injectors have also been investigated. The simulation results are presented in Table 9 below. Converting the producer 2 
provides an incremental oil recovery of 12%. The usually large unswept area around the producer 4 is reached by the polymer 
and recovered in this case (Figure 43). As soon as the polymer injection rate is reduced to 75% a strong decrease in the 
recovery (6%) is observed (Figure 42). The polymer front does not reach the producer 4 in this situation. Converting the 
producer 2 can offer a significant incremental recovery if the injection rate from polymer injector is sufficient. 
 
 
 
 
 
Injection scenario 
Optimised polymer 
injector location 
(relative to the water 
injector) 
Associated 
incremental 
recovery 
Polymer 75% 26 ft above 10 % 
Polymer 50 % 
50 ft left 
25 ft above 
8 % 
Polymer 25 % 
200 ft left 
50 ft above 
6 % 
Table 8: Polymer injector optimisation placement 
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Figure 41: Injection configuration - convert producer 2 
 
 
Figure 42: Oil recovery - convert producer 2 
 
Figure 43: Oil saturation after 20 years - converted producer 2 
 
 
 
 
Polymer injection scenarios and economic analysis 
The aim of this section is to compare the different scenarios by taking into account economic considerations. The economic 
analysis is based on the incremental oil produced. Therefore, all the results express the gain offered by the polymer injection 
option in comparison to the waterflood base case which can be assumed to be economically viable. The various polymer 
injection scenarios as described in Figure 44 have been defined based on the possibility to convert the water injection well, 
convert the producer 2 into a polymer injector or drill a new polymer injector. The possibility to re-use the water injector as 
also been considered when it was feasible, by varying the injection distribution rates between the water injector and the 
polymer injector (polymer 75%, 50% and 25%). The main advantages and drawbacks associated to these scenarios are 
explained in Table 10. The economic outcome in terms of Net Present Value (NPV) and Discounted Profitability Index (DPI) 
are described in Table 11.  All the scenarios have also been drawn on an NPV versus Capex investments chart (Figure 45). 
Assumptions and explanations on the calculations are provided in the Appendix E. 
The three main scenarios (converting the water injector, converting the producer 2 and re-drill a new injector are 
economically attractive in terms of NPV, although they involve different Capex. The best injection scenario would be to 
convert the water injector used during the waterflood phase into a polymer injector and would provide a 157 MM$ NPV for the 
sector of Captain field considered. This scenario provides the best rate NPV/Capex invested. Only the conversion of the 
producer 2 project, when dealing with low polymer injection rates (50%, 25%) is not economically viable. 
 
 
 
 
 
 
 
 
 
 
 
Polymer 
100% 
Water 
0% 
Polymer 
75% 
Water 
25% 
Polymer 
50% 
Water 
50% 
Polymer 
25% 
Water 
75% 
Fractional 
oil recovery 
0.48 0.42 0.39 0.37 
Incremental 
recovery 
(% of OOIP) 
12 % 6 % 3 % 1 % 
Table 9: Total oil recovery - converted producer 2 
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Figure 44: Polymer injection scenarios 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 10: Injection scenarios - Advantages/drawback summary 
 Advantages Drawbacks 
Convert water 
injector 
 No drilling costs – low investment 
 
 State of old completion may prevent achieving desired 
injection rates. 
 Associated rustiness may cause polymer degradation and 
require higher polymer concentration to achieve the target 
viscosity 
 Well location is fixed 
Convert 
producer 2 
 No drilling costs – relatively low investment (change 
upper completion) 
 New tubing and casing mitigates risks of polymer 
degradation 
 Well location is fixed 
 Loss of remaining production from that well 
Drill new 
well 
 Well placement can be optimised 
 Completion type will be designed for polymer 
injection, hence eliminating the risks of polymer 
degradation 
 Balance water / polymer distribution between 
existing and new injection wells 
 Drilling costs – high CAPEX 
Injection scenario 
NPV 
MM$ 
DPI 
 
Incremental 
oil recovery 
Convert water injector 157.9 104.7 11 % 
Convert prod2 - polymer 100% 133.8 44.9 12 % 
Drill injector - polymer 75% water 25% 128.0 9.4 10 % 
Drill middle injector 114.3 8.5 9 % 
Drill injector - polymer 50% water 50% 95.8 7.3 8 % 
Drill top injector 60.0 4.9 7 % 
Drill injector - polymer 25% water 75% 34.3 3.2 5 % 
Convert prod2 - polymer 75% water 25% 18.8 7.2 6 % 
Convert prod2 - polymer 50% water 50% -12.4 -3.2 3 % 
Convert prod2 - polymer 25% water 75% -41.6 -12.7 1 % 
Table 11: Economic analysis results 
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Figure 45: NPV versus investment chart 
 
Conclusions and recommendations 
 
Polymer flooding 
Higher recovery efficiencies are obtained when injecting at the bottom of the oil column, giving the priority to an improved 
vertical sweep. The gain generated by injecting at the bottom and thus opening the entire oil column to the polymer is more 
beneficial than efficiency losses due to polymer dilution effect into the aquifer. A consistency check with another polymer 
simulator should be performed since they have different ways to handle polymers. 
Polymer dilution effect is increased as the size of the aquifer increases down the reservoir. Polymer naturally falls 
down by gravity and dilutes in the aquifer. The aquifer geometry and influx process should be examined carefully, to estimate 
the potential for polymer losses. 
The presence of an aquifer causes a slower recovery process when dealing with polymers. The aquifer acts as a 
“buffer” to the increase in pressure from the polymer injector. Hence the pressure gradient between the injector and the 
producers is reduced leading to a slower recovery process. This effect is increased as the aquifer size increases. 
 
Application to Captain field sector model 
In terms of polymer injector placement, the best recovery is also obtained when injecting from the bottom of the reservoir. The 
polymer losses are not significant and the polymer stays in the water zone close the well region because of the pressure sink 
from producers. A polymer plug close to the injector may occur and prevent the water influx from the aquifer at the base of the 
reservoir. 
Using two injectors (polymer and water) allows the possibility to vary the distribution in the injection rates and can 
provide the same incremental oil recovery by using less polymer if the polymer injector is located at a suitable position that 
does not lead to excessive polymer dilution. The optimisation of the polymer injector location is sensitive to the injection rate 
distributions. 
Most of the proposed polymer injection scenarios are economically attractive even when the polymer injection is 
reduced to 25% of the standard rate. The scenario using conversion of the producer 2 is viable as long as the polymer injection 
rate is kept sufficient. This confirms the economical robustness of the polymer injection as an EOR method. The recommended 
scenario is to convert the water injector into a polymer injector: the low investments combined with a high recovery efficiency 
(11% of OOIP) provide the highest ratio NPV per Capex invested. 
Since the polymer option in reservoir simulation softwares is not implemented in the same manner, it is advised to 
compare the results obtained in this study by using different polymer simulators. It would help in characterising the polymer 
dilution effect and the eventual plugging phenomenon. 
The use of a complete sector model to evaluate the relevant polymer injection scenarios identified in this study is the 
next step to be carried out: this would allow taking into account the effect of long horizontal wells and thus obtaining more 
meaningful and accurate results. 
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Nomenclature 
 
UCS  Upper Captain Sands 
LCS  Lower Captain Sands 
STOIIP  Stock Tank Oil Initially In Place 
OOIP  Original Oil In Place 
BBL  Barrel 
STB  Stock Tank barrel 
MSTB  Thousand Stock Tank Barrels 
MMSTB Million Stock Tank Barrels 
BLPD  Barrels of Liquid per Day 
FPSO  Floating Production Storage and Offloading Facility 
UTM  Unitised Template Manifold 
BLP  Bridge Linked Platform 
WPP  Wellhead Protection Platform 
OWC  Oil Water Contact 
TVDSS  True Vertical Depth Subsea 
WCT  Watercut 
WOR  Water-Oil Ratio 
UKCS  United Kingdom Continental Shelf 
NPV  Net Present Value 
DPI  Discounted Profitability Index 
RRF  Residual Resistance Factor 
HPAM  Hydrolysed Polyacrylamide 
VRR  Voidage Replacement Ratio 
 
Symbols and units 
 
Unless otherwise stated all parameters are expressed in field units as defined below 
K  absolute permeability, mD 
kv  vertical permeability, mD 
kh  horizontal permeability, mD 
M  mobility ratio 
k  relative permeability 
μ  fluid viscosity, cP 
Sw  water saturation, % 
So  oil saturation, % 
Fw  fractional flow (water) 
Krw  water relative permeability 
B  formation volume factor, STB/RBL 
q  vertical influx velocity, inch/year 
Δρ  water-oil density difference, lb/ft3 
g  standard gravity, g = 32.17 ft/s
2 
 
SI Metric Conversion Factors 
 
ft  3.048* 10
-1
  = m 
lbm  4.535 924 10
-2
  = kg 
bbl  1.589 873 10
-1
  = m
3
 
psi  6.894 757 10
0
  = kPa 
cp  1.0* 10
-3
  = Pa.s 
md  9.869 233 10
-4
  = μm2 
*Conversion factor is exact  






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APPENDICES 
 
APPENDIX A – Literature review appendices 
 
Polymer flooding milestones 
PAPER 
SOURCE 
YEAR TITLE AUTHORS CONTRIBUTION 
SPE 
844 
1964 
“Laboratory and Field Studies 
of Waterflood Using Polymer 
Solutions to increase Oil 
Recovery” 
B.B. Sandiford 
First to present a method for increasing 
oil recovery which involves the addition 
of partially hydrolyzed polyacrylamide 
to the flood water. 
SPE 
845 
1964 
“Improved Secondary 
Recovery by Control of Water 
Mobility” 
D.J. Pye 
First to indicate that synthetic polymers 
in very dilute solution to  reduce 
mobility ratio in waterfloods is 
economically feasible in many 
situations. 
SPE 
1628 
1966 
“Some Aspects of Polymers 
Floods” 
N. Mungan 
F.W. Smith 
J.L. Thompson 
Characterises the reduction of water 
mobility by polymers 
SPE 
1566 
1967 
“Mobility Control with 
Polymer Solutions” 
W.B. Gogarty 
First to investigate mobility control by 
considering both permeability and 
rheological effect. 
SPE 
2546 
1971 
“Prediction of Polymer 
Performance” 
J.T. Patton 
K.H. Coat 
G.T. Colegrove 
First to present an analytical solution to 
the linear polymer flood problem. 
SPE 
3523 
1971 
“A Study of Polymer Solution 
Rheology, Flow Behavior, 
and Oil Displacement 
Processes” 
H.H. Nouri 
P.J. Root 
Provides contribution to the flow and 
displacement theories for New -
Newtonian polymers solutions in porous 
media. 
SPE 
7171 
1980 
“The application of Fractional 
Flow Theory to Enhanced Oil 
Recovery” 
G.A. Pope 
First to generalize classical fractional 
flow theory for EOR (Polymer 
injection). 
SPE 
113417 
2008 
“Residual Oil saturation from 
Polymer floods 
H. Chun 
G.A Pope 
Clarifies the residual oil saturations 
from polymer floods by distinguishing 
secondary and tertiary polymer floods. 
SPE 
129899 
2010 
“Potential for Polymer 
Flooding Reservoir with 
Viscous Oil” 
R.S. Seright 
Proposes to extend the application of 
polymer flooding in reservoir with 
viscous oil. 
SPE 
129149 
2010 
“ Evaluation of EOR 
Techniques for Medium-
Heavy Oil Reservoirs with a 
Strong Bottom Aquifer In 
South Oman” 
A.D. Brooks 
A.H. de Zwart 
A.Bychkov 
N. Al-Azri 
C.Y. Hern 
Investigates a polymer injection 
configuration to optimise the oil 
recovery in a reservoir with a strong 
bottom aquifer. 
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SPE No: 844 (1964) 
Title: Laboratory and Filed Studies of Water Floods Using Polymer Solutions to Increase Oil Recoveries 
Author(s): B.B. Sandiford 
Contribution to knowledge:  
Water mobility can be reduced and oil recovery increased by the addition of certain polymer to flood 
water. 
Objectives of the paper: 
To describe the effect on oil recovery improvement that can be observed using a polymer solution to 
reduce the water mobility. 
Methodology used: 
Laboratory work on both small and long cores and expansion of this study to a pilot test made in the West 
Cat Canyon field. 
Conclusion reached: 
The addition of partially hydrolyzed polyacrylamide to the flood water leads to an increase in oil 
recovery. Potential application of this process to many reservoirs since it economically feasible. 
Comments: 
This is the first study looking at the use of polymer to improve the sweep efficiency. More studies needs 
to be done at large field scale to evaluate this further. 
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SPE No: 845 (1964) 
Title: Improved secondary recovery 
Author(s): David J. Pye 
Contribution to knowledge:  
First comprehensive review experimental data and field study of a polymer flood in a reservoir. 
Objectives of the paper: 
To describes the improvement in sweep that can be observed using a polymer solution. 
Methodology used: 
Experimental data of core flooding and also review of available pilot spot pattern 
Conclusion reached: 
Polymer solutions are useful to control the mobility of oil in porous media. 
Comments: 
This is the first study of its kind that can be found in the literature. This paper goes through a number of 
different types of fluid model.  
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SPE No: 1628 (1966) 
Title: Some Aspects of Polymer Floods 
Author(s): N. Mungan ; F.W.Smith ; J.L. Thompson 
Contribution to knowledge:  
Bring new knowledge in the characterisation of the mobility reduction by polymers. 
Objectives of the paper: 
Evaluation of the use of polymers in waterflooding according to polymer adsorption, transport, rheology 
and recovery efficiency. 
Methodology used:  
This paper is based on experimental work on sandstones cores. Adsorption, displacement test have been 
investigated with different polymer types, molecular weight, salinity, and pH of water, crude oil and 
capillary properties of the porous media. 
Conclusion reached: 
1. Reduction of water mobility by polymers is due in part to increase in solution viscosity and part to 
core permeability reduction. 
2. Polymer concentration, type and molecular weight as well as water salinity, pH, capillary 
properties of the porous rock and type of crude affect mobility of polymer solutions 
3. Polymer flooding may increase oil recovery by improving volumetric sweep efficiency. 
Comments: 
These findings helps to better understand polymer flood properties and parameters that are susceptible to 
affect them. This is useful in the choice of the polymer type for pilot tests. 
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SPE No: 1566 (1967) 
Title: Mobility Control with Polymer Solutions 
Author(s): W.B. Gogarty 
Contribution to knowledge:  
First to investigate mobility control by considering both permeability and rheological effects. 
Objectives of the paper:  
To assess the effect of polymer rheological properties on the mobility control namely in terms of effective 
viscosities. 
Methodology used:  
Experiments have been performed on Berea cores using a high molecular, partially hydrolyzed 
polyacrylamide polymer. 
Conclusion reached: 
Permeabilities decrease and stabilize with polymer flow. At the lower permeabilities, higher shear rates 
exists in the cores. High shear rates cause low effective viscosities because of the pseudoplastic character 
of the polymer solutions. 
Comments: 
These results may help to understand the reduction in permeability occurring when polymer flooding. 
However it remains difficult to generalize and quantify this effect properly, what would help when 
modelling polymer floods. 
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SPE No: 3523 (1971) 
Title: A Study of Polymer Solution Rheology, Flow Behaviour, and Oil Displacement Processes  
Author(s): H.H. Nouri ; P.J. Root 
 
Contribution to knowledge: This paper provides contribution to the flow and displacement theories for 
Non-Newtonian polymers solutions in porous media. 
Objectives of the paper: To develop a more satisfactory theory to describe the flow behaviour of polymer 
solutions in porous media 
Methodology used: Laboratory experiments with a total of 88 solutions of 12 different polymers used by 
the petroleum industry 
Conclusion reached: 
1. Data fit the power law equation shear stress – shear rate 
2. Polymer solution viscosity increased as the molecular weight and polymer concentration increased 
3. The resistance to flow in porous  media is due both to the change in solution viscosity and to the 
reduction in the core permeability 
Comments: 
The article provides a good discussion concerning different parameters affecting the polymer solution and 
displacement processes. (Polymer concentration, molecular weight, salinity, temperature, mobility ratio, 
viscosity ratio) 
 
 
  
Polymer Injector Optimisation Study   29 
 
SPE No: 7171 (1980) 
Title: The Application of Fractional Flow Theory to Enhanced Oil Recovery 
Author(s): G.A. Pope 
Contribution to knowledge:  
The author provides an application of fractional flow theory to different EOR Methods (waterflooding, 
Polymer flood, Low Tension Flood, Hydrocarbon Miscible Flood, Carbonated Waterflood, Hot 
Waterflood, Three phase flow,Three component, Two phase displacements). 
Objectives of the paper:  
To generalize classical fractional flow theory starting with the Buckley-Leverett theory for waterflooding 
Methodology used:  
The classical fractional flow theory from Buckley-Leverett for waterflooding is used as a starting point 
for each recovery process. Then Assumption according to the considered process are made to obtain the 
final analytical model. 
Conclusion reached: 
An application of the fractional flow theory for different EOR processes is developed. However, 
fundamental assumptions have to be taken into account in many cases. 
Comments: 
The application of the fractional flow theory for waterflooding is of interest to predict the oil recovery 
before performing more complicated polymer flooding simulations. The results should obviously 
overestimate the recovery because of the assumptions. 
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SPE No: 113417 (2008) 
Title: Residual Oil Saturation from Polymer floods : Laboratory Measurement and Theoretical 
Interpretation 
Author(s): H. Chun and G.A Pope 
Contribution to knowledge:  
The author provides some conclusions on the residual oil saturation from polymer flooding. It helps to 
evaluate if the higher oil recovery due to polymer is from improved sweep and /or oil saturation 
reduction. 
Objectives of the paper:  
To identify and quantify the residual oil saturation reduction mechanisms from polymer flood. 
Methodology used:  
Laboratory work with Berea and Antolini sandstone cores: measurement of residual oil saturation from 
waterflood and polymer flood. 
Conclusion reached: 
1. A tertiary polymer flood (after waterflood) cannot mobilize the waterflood residual oil in an 
homogeneous water-wet core. A secondary polymer flood (without waterflood) can displace oil 
below the waterflood residual oil saturation observed in the same core. 
2. For Antolini cores, a secondary polymer flood reduces the residual oil saturation below the 
waterflood value by 0,02 - 0,22 in saturation units. 
Comments: 
The polymer flood performance based on fractional flow theory does not take this effect into account. The 
higher oil recovery from tertiary polymer flood is only the results of improved sweep. 
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SPE No: 129899 (2010) 
Title: Potential for Polymer flooding Reservoirs with viscous Oils 
Author(s): R.S. Seright 
Contribution to knowledge:  
The author examines the potential of polymer flooding reservoirs with viscous oils 
Objectives of the paper:  
To evaluate the limitations and provide an economic screening on polymer flooding with viscous oil 
Methodology used:  
Simulation studies to assess the oil recovery when dealing with polymers. 
Conclusion reached: 
Modest polymer prices, higher oil prices help considerably to extend the applicability of polymer flooding 
with viscous oils. 
For existing polymers, viscosity increases roughly with the square of polymer concentration. 
The key limitation for polymer flood application is not the chemical cost of viscous polymer solution: 
instead injectivity is the primary concern. 
Comments: 
This gives an idea on how the polymer solution viscosity depends on the polymer concentration. 
Injectivity issue when adding polymer to the injected water is not addressed in the proposed project. 
Futher work would be interesting to carry out on this aspect. 
This paper provides also a formula to evaluate the vertical influx at polymer front to characterise the 
gravity segregation effect.  
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SPE No: 129149 (2010) 
Title: Evaluation of EOR Techniques for Medium-Heavy Oil Reservoirs with a Strong Bottom Aquifer In 
South Oman 
Author(s): A.D. Brooks, A.H de Zwart, A.Bychkov, N. Al-Azri, C.Y. Hern 
Contribution to knowledge:  
The author examines the potential of polymer flooding reservoirs with viscous oils 
Objectives of the paper:  
To search for viable EOR techniques for a medium-heavy oil reservoir with high permeability and a 
strong bottom aquifer in South Oman 
Methodology used:  
Review and application of several potential EOR process : In-situ combustion, High Pressure steam 
injection,  and Polymer injection. Use of a 3D box model to perform the simulations. 
Conclusion reached: 
Incremental oil recovery of 16,9 % with significant production acceleration is obtained with polymer 
injection. To minimise loss of polymer to the aquifer, the injectors are drilled approximately midway in 
the column. 
Comments: 
This paper provides a range of order on the expected incremental recovery from polymer flooding. An 
overview of injection concepts is also provided. 
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APPENDIX B – Vertical influx at polymer front 
 
 
Gravity segregation effect leading to under-riding of the injected water can be estimated by the vertical 
influx at the displacing phase / displaced phase front. Two oil API  (13 and 21) covering Captain field 
API range are studied in the table below. 
 
Vertical migration for the polymer solution: Polymer flood 
 oilwaterpoly
waterpoly
g
k
q 

 

 
 
Vertical migration for the water solution : waterflood 
 
 oilwater
water
g
k
q 


 
 
 
 
Table B-1 Vertical migration estimate at polymer front 
 
 
 
 
 
 
 
  
Reservoir permeability darcy 8
water viscosity cP 0.8
viscosity cP 25
ρw (lbm/ft3) 62.2
min max
Oil API 13 21
ρo (lbm/ft3) 58.95017 55.8577
m/year 5.1 9.9
inch/year 200.3 390.8
m/year 159.0 310.2
inch/year 6258.2 12213.3
Vertical migration of polymer
Vertical migration of water
water + polymer
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APPENDIX C – Fractional flow curves theory 
 
The application of the fractional flow theory has been first  studied by J.T Patton, 1971 Gary. A Pope 
1980.  
In this application case, the fractional flow equations are taken from L.P Dake (1978) 
 
Waterflood Polymer flood 
 
 
 
 
 
 
 
 
 
 
Vertical displacement: sin θ = 0 
Horizontal displacement: sin θ = 1 
 
 
Parameters 
K (md) 7000 
qt (bbl/day) 3000 
ρoil (lbm/ft
3
) 5.47 
ρwater (lbm/ft
3
) 62.4 
A (ft
2
) 300000 
g (ft/s
2
) 32.17 
µoil (cP) 85 
µwater (cP) 0.8 
µpolymer (cP) 25 
 
Figure C-1 Relative permeability curve 
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Figure C-2 Fractional Flow curve calculation sheet example 
 
Sw krw kro fw dfw/dsw tangente Sw barre fwp dfwp/dsw tangente Sw barre
0.088 0 1 0 0.002807396 0 0 8.984E-05
0.10154 3.48E-07 0.973095 0.00004 0.016436179 -0.0136288 1.22E-06 0.0005262 -0.000436
0.11508 3.97E-06 0.946381 0.00045 0.068676318 -0.0522401 1.42E-05 0.0022018 -0.001676
0.12862 1.65E-05 0.919862 0.00190 0.180913185 -0.1341932 6.08E-05 0.0058218 -0.004324
0.14216 4.52E-05 0.893539 0.00534 0.37187093 -0.2731962 1.72E-04 0.0120615 -0.008887
0.1557 9.89E-05 0.867416 0.01197 0.656813151 -0.4800328 3.87E-04 0.0216112 -0.015888
0.16924 0.000188 0.841495 0.02313 1.045068371 -0.7603475 7.57E-04 0.0352065 -0.025887
0.18278 0.000322 0.81578 0.04027 1.53613155 -1.1112689 1.34E-03 0.0536432 -0.039496
0.19632 0.000515 0.790273 0.06473 2.115514451 -1.5179409 2.21E-03 0.0777882 -0.057388
0.20986 0.000778 0.764978 0.09756 2.751922171 -1.9513591 3.45E-03 0.1085848 -0.080295
0.2234 0.001127 0.739897 0.13925 3.397844481 -2.3694012 5.15E-03 0.147055 -0.109018
0.23694 0.001574 0.715036 0.18957 3.995048858 -2.7222528 7.43E-03 0.1942964 -0.144413
0.25048 0.002136 0.690396 0.24744 4.484684711 -2.9618072 1.04E-02 0.2514721 -0.187391
0.26402 0.002829 0.665983 0.31102 4.819443946 -3.0525112 1.42E-02 0.319793 -0.238896
0.27756 0.00367 0.641799 0.37795 4.973461435 -2.9796459 1.91E-02 0.4004887 -0.299878
0.2911 0.004676 0.617849 0.44570 4.946370279 -2.7519004 2.51E-02 0.4947644 -0.371255
0.30464 0.005864 0.594138 0.51190 4.760449553 -2.3975646 3.25E-02 0.6037428 -0.453863
0.31818 0.007255 0.570669 0.57461 4.452743183 -1.9563933 4.14E-02 0.728387 -0.54838
0.33172 0.008867 0.547448 0.63248 4.06562959 -1.4705382 5.22E-02 0.869401 -0.655242
0.34526 0.01072 0.52448 0.68471 3.638941177 -0.977404 6.50E-02 1.0271142 -0.774539
0.3588 0.012835 0.501769 0.73102 3.205152862 -0.5056765 8.00E-02 1.2013451 -0.905891
0.37234 0.015232 0.479322 0.77150 2.787636477 -0.0743263 0.366308147 9.75E-02 1.3912543 -1.04832
0.38588 0.017934 0.457145 0.80651 2.401119517 0.30637141 0.378464328 1.18E-01 1.5951968 -1.200124
0.39942 0.020962 0.435243 0.83652 2.053284469 0.63287865 0.391036382 1.41E-01 1.8105923 -1.358766
0.41296 0.024339 0.413623 0.86211 1.746684125 0.90628959 0.403903673 1.67E-01 2.0338281 -1.520796
0.4265 0.028089 0.392292 0.88383 1.480498489 1.13050631 0.416970106 1.96E-01 2.2602272 -1.681841
0.44004 0.032235 0.371258 0.90220 1.251926942 1.31085637 0.430157786 2.28E-01 2.4841044 -1.836672
0.45358 0.0368 0.350528 0.91773 1.05718351 1.45314886 0.443402527 2.63E-01 2.6989281 -1.979377
0.46712 0.041811 0.330112 0.93083 0.892155913 1.56308456 0.45665043 3.01E-01 2.8976048 -2.103637
0.48066 0.047291 0.310018 0.94189 0.75280604 1.64592795 0.469855329 3.42E-01 3.0728754 -2.203114
0.4942 0.053267 0.290256 0.95122 0.635390082 1.70635476 0.482976842 3.84E-01 3.2178016 -2.271907
0.50774 0.059765 0.270837 0.95909 0.536560319 1.74840955 0.49597886 4.29E-01 3.3262897 -2.305042
0.52128 0.06681 0.251773 0.96575 0.453394227 1.77552658 0.508828361 4.74E-01 3.3935944 -2.298925
0.53482 0.07443 0.233075 0.97137 0.383381943 1.79058334 0.521494438 5.21E-01 3.4167295 -2.251703
0.54836 0.082653 0.21476 0.97613 0.324391941 1.79596776 0.533947549 5.67E-01 3.394725 -2.163464
0.5619 0.091505 0.19684 0.98016 0.27462797 1.79364741 0.546158836 6.12E-01 3.3286938 -2.036256
0.57544 0.101015 0.179334 0.98357 0.232583947 1.7852351 0.558099573 6.57E-01 3.2216962 -1.873911
0.58898 0.111212 0.162261 0.98645 0.197001077 1.77204774 0.56974066 7.00E-01 3.0784261 -1.681704
0.60252 0.122125 0.145642 0.98890 0.166828981 1.75515754 0.581052165 7.40E-01 2.9047685 -1.465897
0.61606 0.133783 0.1295 0.99097 0.141191557 1.73543573 0.592002884 7.78E-01 2.7072918 -1.233234
0.6296 0.146216 0.113865 0.99272 0.119357544 1.71358923 0.602559916 8.14E-01 2.4927402 -0.990448
0.64314 0.159454 0.098768 0.99420 0.100715395 1.69019142 0.612688233 8.46E-01 2.2675778 -0.743828
0.65668 0.173528 0.084248 0.99545 0.084751859 1.66570771 0.622350244 8.75E-01 2.0376191 -0.498884
0.67022 0.188469 0.070351 0.99650 0.071033534 1.64051723 0.631505351 9.01E-01 1.8077542 -0.260104
0.68376 0.204307 0.057134 0.99737 0.059190368 1.61493165 0.640109527 9.24E-01 1.5817522 -0.030789 0.64380696
0.6973 0.221076 0.044668 0.99810 0.048899581 1.58921295 0.648115005 9.44E-01 1.3620942 0.187072 0.65048148
0.71084 0.238806 0.03305 0.99870 0.039866684 1.56359349 0.655470359 9.61E-01 1.1497226 0.3930285 0.6568594
0.72438 0.257531 0.022413 0.99918 0.031793921 1.53830814 0.662122269 9.75E-01 0.9433894 0.5887792 0.66283627
0.73792 0.277282 0.012965 0.99956 0.024294214 1.51367987 0.668026567 9.86E-01 0.7372712 0.7805065 0.66832013
0.75146 0.298094 0.005086 0.99984 0.0162439 1.49076397 0.673344348 9.95E-01 0.5009559 0.9987679 0.67342746
0.765 0.32 0 1 0.011858225 1.46524665 0.677 1.00E+00 0.3687784 1.1083265 0.677
waterflooding Polymer flooding
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Figure C-3 Fractional flow curves 
 
 
Figure C-4 Horizontal displacement 
 
 
Figure C-4Vertical displacement 
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APPENDIX D – Conceptual Model 
D-1 Reservoir characteristics 
 
Conceptual model 
Dimension 4400 ft x 1300 ft x 120 ft 
Grid size 54 x 20 x 32 = 34560 cells 
Porosity 0.3 
Absolute permeability 6000 md 
kv/kh 0.7 
Fluid properties 
Oil viscosity  85 cP @ 1270 psia 
Oil gravity 19.3 API 
Water viscosity 0.8 cP 
Water density 1.015g/cm
-2 
 
 
Figure D-1 oil saturation in conceptual model at initial conditions 
 
 
Figure D-2 oil saturation in conceptual model after 13 years waterflooding 
 
The figure above illustrates the reservoir oil saturation state at the beginning of the end of the water 
flooding phase. The coning behavior as well as unswept areas are clearly visible 
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D-2 Simulation results 
 
Injector vertical placement effect 
 
 
Figure D-3 Oil saturation evolution (0 - 3 years) 
 
 
Figure D-4 Polymer concentration evolution (0 - 2 years) 
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Figure D-5 Polymer concentration evolution (2 - 5 years) 
 
 
D-3 Aquifer impact 
 
 
 
Oil saturation after 20 years polymer flooding 
 
 
Aquifer base case 
 
 
Aquifer x1.5 
 
 
Aquifer x3 
 
 
Aquifer x6 
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Polymer concentration after 2 years 
 polymer flooding 
 
 
Polymer concentration after 20 years 
 polymer flooding 
Aquifer 
base case 
 
 
 
Aquifer x1.5 
 
 
 
Aquifer x3 
 
 
 
Aquifer x6 
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Pressure 
 
 
 End of waterflood phase After 10 years 
polymer flooding 
 
After 20 years 
polymer flooding 
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x6 
   
 
 
  
  
 
 
 
 
 
 
  
42     Polymer Injector Optimisation Study 
 
 
APPENDIX E – Sector model 
 
E-1 Reservoir characteristics 
 
Reservoir properties 
Dimension 5000 ft x 200 ft x 125 ft 
Grid size 200  x 10 x 25 = 50 000 cells 
Porosity 0.25 - 0.30 
Tilted angle 2.5 deg 
Absolute permeability 6000  - 7000 md 
kv/kh 0.6 - 0.7 
Fluid properties 
Oil viscosity  85 cP @ 1270 psia 
Oil gravity 19.3 API 
Water viscosity 0.8 cP 
Water density 1.015g/cm
-2 
 
 
 
Figure E-1 Sector model at initial conditions 
 
 
Figure E-2 Oil saturation - Sector model after 13 years wateflooding (coning behaviour and unswept areas) 
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E-2 One injector 
 
 Oil saturation after 20 years polymer flooding 
Bottom 
injector  
Middle 
injector  
Top 
injector  
 
 
 
 
 
 
Bottom injector Polymer concentration 
After 3 months  
After 2 years  
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After 4 years  
After 8 years  
After 10 years  
After 20 years  
 
 
 
 
 
 
Bottom injector Pressure 
End of waterflood phase  
After 1 year  
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After 4 year  
After 10 year  
After 20 year  
 
 
 
 
 
E-3 Two injectors polymer injector optimisation placement-Polymer 50% 
 
 
Figure E-1 Polymer injector optimisation placement – Horizontal direction 
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Figure E-2 Polymer injector optimisation placement – vertical direction @ optimised horizontal (50 ft left) 
 
E-4 Economic Analysis 
 
Assumptions for the economic analysis: 
 
Oil price 60$/bbl 
Discount rate 10 % 
Inflation 2 % 
Taxes rate UK 
CAPEX 
Drill an injector 10MM£ 
Convert a well into a 
polymer injector 
2 MM£ 
OPEX 
Polymer cost 2.5 £/bbl 
  
 
 
 
Table F-1 Economic analysis results 
  
NPV Capex Invested DPI (Discounted Profitability Index, 1+NPV/CAPEX)
WATERFLOOD 0 0 #DIV/0!
CONV_PROD2_V08_240bbld -41.60745023 3.0430712 -12.67284808
CONV_PROD2_V08_480bbld -12.36737032 3.0430712 -3.064108102
CONV_PROD2_V08_720bbld 18.77708436 3.0430712 7.17043872
CONV_PROD2_V08_960bbld 133.76371 3.0430712 44.95681245
2INJ_V08_240bbld 34.31447084 15.215356 3.255252578
2INJ_V08_480bbld 95.84781517 15.215356 7.299413249
2INJ_V08_720bbld 128.0275123 15.215356 9.414361931
INJ_TOP_V08_960bblday 59.96821824 15.215356 4.94129577
INJ_MIDDLE_V08_960bblday 114.2933264 15.215356 8.511708987
INJ_BOTTOM_V08_960bblday 157.9062889 1.5215356 104.7808704
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APPENDIX G – Polymer Option - Eclipse Schlumberger Software 
The polymer flood model on Eclipse treats the complex rheology of polymers: adsorption, permeability reduction, dead pore 
volume, Non-Newtonian behaviour (shear thinning). Effect of temperature variations on the behaviour of the polymer solution 
is currently ignored. 
 
Equations resolved by Eclipse: 
 
The flow of the polymer solution through the porous medium is assumed to have no influence on the flow of the hydrocarbon 
phases. The standard black-oil equations are therefore used to describe the hydrocarbon phases in the model. Modification is 
required to the standard aqueous (water) equation and additional equations are needed to describe the flow of polymer and 
brine within the finite difference grid. The water, polymer and brine equations used in the model are as follows: 
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Where, 
dpvS   denotes the dead pore space within each grid cell 
a
pC   denotes the polymer adsorption concentration 
r   denotes the mass density of the rock formation 
   denotes the porosity 
w   denotes the water density 
   denotes the sum over neighbouring cells 
kR   denotes the relative permeability reduction factor for the aqueous phase due to polymer retention 
np CC ,   denotes the polymer and salt concentration 
aeff   denotes the effective viscosity of the water (a=w), polymer (a=ρ) and salt (a=s) 
zD    is the cell center depth 
wr BB ,   are the rock and water formation volumes 
T   is the transmissibility 
rwk   is the water relative permeability 
wS   is the water saturation 
V   is the block pore volume 
wQ   is the water production rate 
wP   is the water pressure 
g   is the gravity acceleration 
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The model makes the assumption that the density and formation volume factor of the aqueous phase are independent of the 
polymer and salt concentrations. The polymer solution, reservoir brine and the injected water are represented in the model as 
miscible components in the aqueous phase, where the degree of mixing is specified through the viscosity terms in the 
conservation equations. 
The principal effects of polymer and salt on the flow of the aqueous phase are represented by equations (1) to (4) above. The 
fluid viscosities (µw eff, µp eff, µs eff) are dependent on the local concentrations of salt and polymer in the solution. Polymer 
adsorption is represented by the additional mass accumulation term on the left hand side of equation (2). The adsorption term 
requires the user to specify the adsorption isotherm, Cp
a
 for each rock type. The effect of pore blocking and adsorption on the 
aqueous phase relative permeability is treated through the term, Rk, which requires the input of a residual resistance factor for 
each rock type. The equations solved for the polymer model are a discretised form of the differential equations (1) to (4). In 
order to avoid numerical stability problems that could be triggered by strong changes in the aqueous phase properties over a 
time step (resulting from large changes in the local polymer/salt concentration) a fully implicit time discretisation is used, 
which is therefore free from this type of instability. 
 
Characteristics of the 25cP polymer solution used in the simulations: 
 
 Dead pore volume : 0.08 
 Residual resistance factor : 1.15 
 Max polymer concentration : 0.77 (LB/STB) 
 
 Adsorption function 
 
 
 
 
 Viscosity function (Polymer viscosity multiplier function) 
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 Shear thinning effect 
 
 
 
 
Polymer option Eclipse script 
 
--POLYMER VISCOSITY DATA 
PLYVISC  
-- Conc      Visc Mult Factor 
-- (LB/STB) 
0.00 1.00     
0.18 2.63     
0.35 5.25     
0.53 13.75     
0.70 25.00     
0.77 28.75     
0.81 36.25     
0.88 42.50 / 
/ 
 
PLYROCK 
-- 1(SWIR)      2(RRF)  3(LB/STB)       4       5(LB/LB) 
  0.080         1.15    898.3344        1       0.00002 / 
/ 
 
PLYADS 
-- Conc(LB/STB)         Amt Adso (LB/LB) 
      0.0004 1.98E-07 
 0.0035 1.82E-06 
 0.0070 3.33E-06 
 0.0105 4.62E-06 
 0.0140 5.71E-06 
 0.0175 6.67E-06 
 0.0210 7.50E-06 
 0.0245 8.24E-06 
 0.0280 8.89E-06 
 0.0315 9.47E-06 
 0.0350 1.00E-05 
 0.0526 1.20E-05 
 0.0701 1.33E-05 
 0.0876 1.43E-05 
 0.1051 1.50E-05 
 0.1226 1.56E-05 
 0.1401 1.60E-05 
 0.1577 1.64E-05 
 0.1752 1.67E-05 
 0.3503 1.82E-05 
 0.5255 1.88E-05 
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 0.7007 1.90E-05 
 0.8759 1.92E-05 
 1.0510 1.94E-05 / 
/ 
 
TLMIXPAR 
   1.0 / 
/ 
 
PLYMAX 
-- C,max polymer 
-- (LB/STB) 
   0.77 / 
/ 
 
PLYSHEAR  
0.060837  0.99426     
0.60837   0.979938     
1.21674   0.970908     
1.82511   0.963912     
2.737666  0.955314     
3.650221  0.948066     
4.562776  0.941694     
5.475331  0.935953     
6.387886  0.930693     
7.300442  0.925817     
8.517182  0.9198     
14.60088  0.895134     
20.68458  0.875842     
32.85199  0.845626 /  
/ 
 
 
 
 
 
 
 
  
Polymer Injector Optimisation Study   51 
 
APPENDIX H – Captain field development overview 
 
The Captain field is located in Block 13/22a in the U.K. sector of the North Sea, approximately 130 km 
northeast of Aberdeen. The major reservoirs spread over a large area (53 km
2
), and are shallow (- 2,800 ft 
true vertical depth sub sea, i.e. 850m) in a water depth of 369 ft (110m). Captain comprises a group of 
laterally extensive and relatively thin reservoirs, which contain around one billion barrel of STOIIP, with 
estimated reserves of around 300 MMSTB. 
 
Figure H1- Captain field location 
 
H-1 Geological settings and structure. 
Most of the oil is contained in three distinct reservoirs: the Upper Captain Sand (UCS), Lower Captain 
Sand (LCS) and the Ross Sandstones. The Upper and Lower Captain Sands both belong to the Captain 
Sandstone member of the early Cretaceous (Aptian) Carrack formation. They are sealed by an Albian 
shale sequence overlain by a thick chalk sequence. Ross sandstone belongs to the Uppat formation, which 
is of late Jurassic (Oxfordian) age, and is sealed by Kimmeridge clay formation. 
The reservoirs are bounded to the north by an aquifer of infinite extent, to the South by the Banff fault 
system and to the North East by the Helmsdale/Wick/Caithness fault systems (Rose
F1
, 2000). The sand 
bodies’ thickness averages 80ft (24m) but ranges from 200ft (61m) in the thickest channels to 0ft at the 
southerly pinchout edge. 
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Figure H-2: Captain field main reservoirs (Rose, 2000).  
 
Because of the thick chalk layer (1,000 to 1,500 ft) that overly Captain reservoirs, they do not have a clear 
seismic response. This results in a noisy reflection, eventually giving a depth-conversion uncertainty of 
+/- 25ft for a reservoir of 80ft thickness (Rae et al
F2
, 2004).  
 
H-2 Captain field properties: 
The reservoirs characteristics and properties are summarised in the table below: 
Captain Field reservoir characteristics 
Discovery 1977/ First produced in 1995  
Depth 2900 ft 884m 
Aerial extent 53km
2
  
Average thickness 80 ft 24m 
Thickness range 0-200 ft 0-61m 
Temperature 87 ºF 304 ºK 
Pressure 1344psia @ 2975ft TVDSS 9.3 10
6
 Pa @ 900m TVDSS 
Net to Gross 0.95- 0.98  
Porosity 28- 35%  
Permeability 6 – 12 D 6*10-12 – 12*10-12 m2 
 
Table H-1: Fields reservoir properties 
 
The reservoir rock has excellent properties which can be assumed constant along the field. The sands, 
though, are unconsolidated which creates problems in terms of sand production and hence erosion. 
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H-3 Reservoir fluids properties: 
 
Captain fluids properties are summarised in table H-2 below: 
Captain Fluids Properties 
Oil Density 19 – 21 ºAPI 930 – 940 kg.m-3 
Water Density  1015 kg.m
-3
 
Oil Viscosity 50 – 110 cp 50 – 150*10-3Pa.s 
Oil Saturation 81 – 94.5 %  
 
Table H-2: Captain fluids properties 
 
Even though the reservoirs rocks have very good properties, the presence of heavy, viscous oil with 
unfavourable mobility ratios, coupled with low reservoir pressure had a significant impact on the 
development of the field and well design. 
 
H-4 Captain Field Development Plan:  
 
The field has been developed as a phased installation of three drilling centres, each of them targeting an 
area of the field (area A, B and C, figure F-3) and tied back to a centrally located Floating Production, 
Storage and Offloading (FPSO) vessel and a wellhead protection platform (WPP). 
 
Figure H-3: Captain field base map. 
The first stage of development (figure F-4) targeted area A of the field and was completed in 1997. It 
consisted of the FPSO and the WPP ‘A’, approximately 1.5km west of the FPSO. The vessel had an 
initial processing capability of 65,000 barrels of oil per day, 260,000 barrels of liquids per day and a 
storage capacity of over 560,000 barrels. 
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Figure H-4: First stage of development: Area A. 
 
The second phase of development saw the installation of a subsea Unitised Template Manifold (UTM) 
located approximately 2.2km east of the FPSO. The aim was to reach the reserves located in Area B. The 
facilities were also upgraded, with a bridge linked platform (BLP) added to the WPP in order to receive 
facilities capable of handling an additional 100,000 bopd and 400,000 bwpd, linked to the area B by two 
16” production pipelines and a 12” test line. 
The third phase of development is aiming to reach reserves in Area C, which comprise the eastern 
extension of UCS and the Ross reservoir. Two development wells and a subsea manifold, connected to 
the already existing UTM, have been installed in this area. The objective of the current development is to 
increase oil production while upgrading facilities, specially their capacity to handle produced water. 
Current facilities are shown in figure H-5. 
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Figure H-5: Captain Field current facilities. 
 
Oil production from the Captain reservoirs will be dominated by the water/oil mobility ratio which ranges 
from 30 to 90, resulting from severe water coning from an underlying aquifer. Therefore, the field has 
been developed through extended reach horizontal wells, especially as the vertical permeability is high. In 
order to meet economic demands, high production rates were needed and this is achieved through the use 
of subsea pumps. Electrical Submersible Pumps (ESP’s) were installed during first phase of the field’s 
development (area A) and as their liquid target rate is well below their maximum capacity, most of them 
have lasted beyond their expected life without problems. For area B, the presence of a gas cap led to the 
selection and development of novel producer completions with Hydraulic Submersible Pumps (HSP’s) 
This study focuses more precisely on the UCS because of its good properties, its relative simplicity and 
the large amount of historical data available, and more especially due to the fact that a number of wells 
are suspected of experiencing water coning problems in this area. This reservoir is supported by an active 
aquifer of “moderate” strength to the north and 4 injection wells were completed in order to add pressure 
support as well as being part of the waterflood recovery strategy. The injected water is either pumped 
from aquifer wells or is produced water previously cleaned of residual oil and solids.  
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